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RESEARCH MEMORANDUM

A COMPARTSON OF TWO SUBMERGED INLETS AT SUBSONIC
AND TRANSONIC SPEEDS

By Emmet A. Mossman

SUMMARY

Operation of two submerged—type inlets has been simulated in g 2.1-
by T.l-inch wind tunnel at subsonic and transonic speeds. One inlet
corresponded to a parallel-walled submerged intake, and the other to an
NACA submerged Inlet, a type which has divergent ramp walls. A quallta—
tive comparison of the inlets 1s made on the basis of pressure recovery.
Shadowgraphs of the air flow are also presented.

The pressure recovery was relatively constant throughout the lower
subsonic speed range. However, a sharp decrease in pressure recovery
with the parallel-walled inlet occurred simultaneously with the appear—
ance of weak shock-wave dlisturbances at ths start of the ramp. This
decrease ln pressure recovery occurred at free—stream Mach numbers
between 0.75 and 0.82, depending on the mass—flow ratio. With the
divergent-walled inlet the corresponding Mach number range was 0.90 to
0.94, although shock waves formed along the ra.mp at a lower free—stream
Mach number.

The ability of the divergent-—walled inlet to operate with satis—
factory pressure recovery at higher free—stream Mach nunmbers than was
possible with the parallel-walled inlet is attributed to the difference
in the boundary—laeyer characteristics of the two types of inlets.

INTRODUCTIOR

. Because many present—day alrplanes are designed to fly in or
through the high subsonic and transonic speed range, the need for data
on ailr inlets et these veloclties has become increasingly urgent.
Although some dsta are avallable on nose inlets, little research has
been done on submerged inlets in the transonic speed range. Datsa
obtained up to a Mach number of 0.875 on an NACA submerged inlet have
shown thet satisfactory air—induction characteristics could be attained
at sUbsonic speeds. (See references 1, 2, and 3.)

This report covers an investigation made in s wind tunnel to study
the characteristics of submerged inlets at subsonic and transonic speeds.
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The inlets were placed In one wall of the wind—tunnel test section. .
Because facilities for testing at transonic speeds are limited and the

testing techniques are difficult, the present means of simmlating duct

entrancea has been used as an expedient to obtain qualitive results.

A comparison i1s made between ‘two forms of the same baslc submerged-—type

intake. These two inlets, one simulating an intake with parallel ramp

walls and the other an intake with divergent ramp walls (an NACA sub—

merged inlet), are compared on the basis of pressure recovery. This

study should give a better understanding of the operation of submerged

inlets in the transonic speed range and serve as a useful gulde to the

designer.

Some design considerations for extending the useful operating
range of submerged inlets at transonlic speeds are discussed.

SYMBOLS

The symbols used are defined as follows:

A duct-entrance aresa, square feet
H total pressure, pounds per asquare foot .
M Mgch number )
statlc pressure, pounds per square footb
velocity, feet per second
alr density, slugs per cubic foot
my plﬂivl)
—_ masgs~flow ratlio | —=—=—
ne <p oA1Vo
H-p
E———Q ram-recovery ratio _ e
-
o Yo
éi pressure ratio T o
o]
2 total pressure ratio
Ho

The following subscripts are used in conjunction with some of the
above symbols:

o free stream
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i conditions 1 inch behind duct entrance

2 conditions 5 inches behind duct entrance
APPARATUS
Wind Tunnel

The investigation was conducted in a small transonic wind tunnel.
The tunnel hes a closed throat and is of the nonreturn type (fig. 1).
The 2.1— by 7.b—inch test section has a diverging ceiling and floor
(2.1-inch dimension) with a total expansion angle of 1.0° in the verti-—
cal plane t0 compensate partially for boundary-layer growth. Air enters
a settling chamber, flows through the wind tunnel, and finglly exhausts
from the tunnel diffuser at epproximately atmospherlc pressure. The sair
is pumped to the settling chamber by an aircraft centrifugal compressor
driven by a varisble—speed electric motor, rated 300 horsepower at
18,000 rpm. Control of the settling—chember pressure, and thus of the
tunnel velocity, was accomplished by varying the speed of the electric
motor.

Models and Auxillary Equipment

The installetions of the two inlets in the top wall of the test
section are shown in figures 2(a) and 2(b). Pertinent inteke dimensions
sre presented in figure 3 and provide the optimum design sscertained
from previocus tests (reference 1). The inlet entrances extended from
wall to wall across the 2.l1—inch dimension of the test section, and had
a width—to—-depth ratio of L.2. Both of the inlets tested, ome with
parallel and the other with NACA divergent remp wells, had T° ramp
angles. Alr entering the submerged inlet at the lip (fig. 1) was
diffused in the intermal ducting, then passed through an ASME orifice
meter, and waes finally exhausted through a small centrifugasl blower.

The quantity of flow was measured by the orifice meter and was controlled
by & throttle. The amount of air flow through the inlet, although asug—
mented slightly by the blower, was limited by the pressure—recovery .
charecteristics of the duct system. Thus, the inlet with the higher
pressure recovery at a given Mach number was tested over the grester
range of mass—flow ratios.

Instrumentation
Pressure recoveries for both submerged. inlets were measured with a
T—tube totel—pressure rake installed in the duct 5 inches back of the

lip leading edge. The rske was mounted normal to the duct width and
passed through the center of the duct (fig. 3). The duct height at the

Sy
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measurement statlion was 0.70 inch. Because the duct height at the
entrance was 0.50 inch, internsl diffusion losses due to an ares Iincrease
of 40 percent are included in the measurements. The pressure losses were
megsured only at the center section; consequently, for the simulated NACA
submsrged inlet the losses due to turbulent mixing, as expleined in
reference 4, are not included. However, the measurements in this center
plane should quelitaetively indicate the inlet characteristics at high
subsonic and transonic Mach numbers.

Static—préssure distributions down the center line of the ramp
leading to the entrances were measured with flush orifices connected to
a multiple~tube menometer. Measurements for computing wind—-tunnel Mach
number distributions were elso obtained from flush static orifices
distributed over & steel plate mounted on one side of the test section.
Visual flow studies were made with a schlieren apparatus and with a
shadowgreph apparsatus utilizing a Libessart spark.

For this report, the free—stream Mach number is defined as the
Mach number measured on the center of the tunnel floor one—quarter inch
forward of ramp station O. This location on the wind—tunnel Ploor was
selected so that the inlet would have the least effect on the free—
stream Mach number measurement. A direct—reading nomographic Mach meter,
explained in reference 5, was used to indicate the wind—tunnel speed in
terms of free—stream Mach nunber.

TEST METHODS

Both Inlets were tested from 0.20 Mach number to the maximum that
could be obtained with this wind tunnel. The Mach number limit was 0.9h4
with the parallel-walled inlet, and 0.96 with the divergent-walled inlet.
The maximim Mach number attalnsble with the parallel—wslled 1nlet
installed in the wind tunnel was determined by power limitations of the
wind—tunnel motor—compressor unit; whereas with the dlvergent—walled |
inlet the limiting factor appeared to be the establishment of sonic
velocity across the wind tummnel back of ramp station O.

The range of mase—flow ratios varied with Mach number and inlet
configuration. The followlng table indicates the mass—flow ratios that
were obtalinable during these tests:

Mach number | Range of mass—flow ratio, m;,_/mo
be——wo _ [Parallel walls] Divergont walls
0.20 0 to 1.2 0 to 1.2

4o 0 to 1.2 0 to 1.2

.60 0 to 0.8 0 to 1.0

.80 0 to 0.8 0 to 0.8

.90 0 to 0.2. 0.4 to 0.8

.9k 0.6 0.4 to 0.8

.96 _—— 0.4 to 0.8
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RESULTS

The Mach number distribution in the wind—tumnel test section, calcu—
lated from static pressures measured on one test—section wall, is shown
in figure 4 for free—sitream Mach nunmbers of 0.80 and 0.94 (as defined
herein). The Mach number distributions are shown in this figure for the
tunnel without inlets and with the parallel-walled inlet installed.

The effects of Mach number on the pressure recovery for both the
parallel— and divergent—walled inlets are given in terms of ram—recovery
retio in figure 5, and in terms of total—pressure ratioc in figure 6. The
variations of ramrecovery ratio across the duct depth at the measurement
station (f£ig. 3) for both inlets are presented in figure 7. These ram—
recovery—-ratio profiles were obtained for a mass—Flow ratio of 0.6 at
Mach numbers just above and Just below that st which the pressure recovery

decreased abruptly.

The pressure distributions along the remp center line of each inlet
for several free—stream Mach numbers are presented in flgure 8, and the
corresponding Mach number distributions are glven in figure 9. The Mach
numbers were computed by assuming isentropic flow, and thus are only -
approximations,

Shadowgrephs of the flow about the parallel—walled inlet for various
Mach numbers and mass—flow ratios are shown in flgure 10. Similer
shadowgraphs for the dlvergent-walled inlet are presented in figure 11.

DISCUSSION
Wind-Tunnel Alr-Fliow Characteristics

For free—stream Mach numbers up tc 0.90, the varistion of Mach
number along the wind—tunnel test ssction without the models installed
was gbout 1 percent. However, the deviation became greater as the Mach
nunber was Increased beyond 0.90. The air flow in the tunnel finslly
choked at a free—stream Mach number, as measured at the start of the
test section, of 0.94. (See fig. 4(b).) This limitation in maximum
free—stream Mach number for the tunnel without inlets instslled is
probably due to insufficient compensation for the displacement of the
alr stream by the boundary layer of the test section.

In reviewing the results of this investigation, certaln sdditionsl
limitations of the experimental arrangement must be considered. The air
flow a'bout the inlet was constralned by the wind—tunnel walls. Also, the
ratio ‘of the inlet area of the duct to the cross—sectlonal area of the
wind tunnel was relestively large (1 to 15). Consequently, the Mach
number distribution in the test section was affected by mass—flow ratio
(fig. ¥(a)). However, the datas presented should be useful qualitetively.

)
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Shadowgraphs with either inlet installed 1lndicate that at Mach
numbers up to 0.93 the oblique shock disturbance, originating at the
beginning of the test—section expansion, was weak; comsequently, the
shock 1s believed toc have had a negligible effect on the conditlions
downstream. (See fig. 10(g).)

Comparison of Pressure Recovery

It should be remembered that the pressure recoveries presented in
this report were obtained only in a line normsl to the duct width and
passing through the duct center line. The transverse variaticn of
pressure recovery has not heen determined.

A significent effect of Mach number on the pressure recovery of the
parallel-walled inlet was evident at Mach numbers between 0.75 and 0.82.
In this Mach number range, for mass—flow ratios of 0.40 and greater, the
pressure recovery 1ln terms of ram-recovery ratlo decreased sherply with
increasing Mach number. (See fig. 5(a).) Such a sharp decline did not
occur with the divergent-walled inlet until & free—stream Mach number of
0.90 was exceeded. (See fig. 5(b).) Violent wind—tunnel vibretions at
the highig Mach numbers prevented the taking of data for mass—flow ratlos
below 0.40. )

The incresse in magnitude of the pressure recovery at the center
plane for the divergent-walled inlet over that obtained with the parallel—
walled inlet, at the Mach numbers and mass—flow ratios of these testse, can
be attributed to the difference 1n the factors governing the boundary-—
layer growth along the ramp. MWMeasurements have shown that the boundary—
layer flow with the divergent-~welled inlet was three—dimensional; conse—
guently, 1ts growth was less rapid than for the two—dimensional flow which
existed with the parallel-walled inlet (reference 6). However, for both
inlets, the decrease 1n pressure recovery at the center section with a
decrease of mass—flow ratio was due to a thickening of the ramp boundary
layer. This thickening was, 1n turn, a conseguence of increased adverse
pressure gradlents along the ramp. The pressure recoveries given in
figures 5(a) snd 5(b) are an indication of the relative boundery-layer
thicknesses of the two types of inlets. Measurements of thse velocity
profile Just behlind the beginning of the parallel-walled ramp showed that
the boundary layer was turbulent.

It should be noted in figure 5(a)} that the curves showing ram—
recovery ratio for the parallel-walled inlet are extrepolated. In the
Mach number renge between 0.79 and 0.94 the air flow in the duct was
unsteble and 1t was not possible to obtaln consistent dete In this
range. However, the pressure recovery did decrease markedly, and it was
impossible to cbtain mass—flow ratios greater than 0.20 with the test
equipment. For & Mach number of 0.94 the sir flow became steady at a
mass—~Plow ratio of 0.60C.

N
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Shadowgraph studies of the air flow with the paraliel-walled inlet
did not show the presence of strong shock waves for Mech numbers Just
before snd sfter the sharp decline in pressure recovery (Mg sbout 0.75
and 0.82, respesctively). There was evidence, however, of s shock dis—,
turbance which extended only a short distance sbove the ramp surface at
the beginning of the ramp snd colncided with a thickenlng of the bound—
ary leyer slong the ramp surface (figs. 10(b) and 10(d).) Figure T(a)
shows a decrease 1n pressure recovery for the parellel-sralled inlet
as the free—stream Mach number was increased from 0.76 to 0.80. At
greater Mach numbers, visual obssrvations of the mulitiple manometer
registering the ram-pressure recovery indicated the unstable nature of
the alr flow in the duct system. Visual schlleren studles showed
boundary—layer separstion along the ramp for Masch numbers Just greater
than those et which the sharp decrease of pressure recovery occurred. A
return to a more steble type of boundary—layer slr flow is lndicated by
the shadowgraph for a free—stream Mach number of 0.9k (fig. 10(h}).

The pressure—recovery characteristics of the divergent-walled iniet
together with shadowgraphs of the air flow (figs. 5(b) and 11, respec—
tively) indicate thaet the interaction of the shock wave with the
thinner boundary layer on the ramp of the divergent-walled inlet (refer—
ence 6) was much less severe than the interaction of the shock wave with
the thicker boundary lsyer on the parallel—walled: ramp. Filrst evidence
of g local shock—wave disturbance with the divergent—walled inlet
occurred at approximstely 0.82 Mach number. However, the abrupt decreszse
in pressure recovery was delayed to a free—stream Mech number of approxi—
metely 0.9k.

For Mach numbers of 0.9% and greater, the shadowgraphs of the flow
with the divergent-walled inlet (fig. 11) show shock waves originating
at two locations along the ramp, a series of oblique waves at the stert
of the ramp, and a normal shock at about TO0 percent of the remp length.
However, the alir flow with the divergent—wallsd inlet, and thus presuma—
bly the shock-wave pattern, 1s three—-dimensionsl. From figure 11 it
appears that the normal shock wave extended between the upper edges of
the ramp side walls. As the Mach number was increased from 0.94, this
normel shock wave moved downstream. At the free—stream Mach number of
0.96 and maess—Fflow ratios of 0.6 and 0.8, the strength of the normal
shock wave possibly became great enough to cause separation of the ramp
boundary layer and a conssequent drop in ram—pressure recovery. The
tendency toward separstion with increasing Mach number is shown by the
ram—recovery-retio profiles in figure T(b) for the Mach numbers from
0.90 to 0.955. ' .

Design Considerations

It would seem probeble that the transonic Mach number range for
satlsfactory operation of NACA submerged inlets could be extended. OF
the several methods of accomplishing improved inlet performance, the
first is concerned with consideration of the flow field into which the

inlet is placed.
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At moderste supersonic speeds, the local air flow over portions of
certain body shapes can be at a lower Mach number than the free stream.
Por a conlcal body, reference T has shown that, depending on the cone
Bngle, subeonic flow can exlist on the surface of a cone even though the
free—stream Mach number exceeds 1.0. Therefore, 1t would seem that the
shape of the fuselage and the locatlon of the inlet on the fuselage
might be selected so that the effect of the reduced Mach number at the
fuselege surface could be used advantageously to extend the transonic
operation of submerged inlets.

Modification of the Inlet itself might alsoc prove beneficial, and
a second method of extension might be the posltloning of the normal
shock wave forward along the ramp. The shock wave would then occur
over a smaller percentage of the inlet width, and the amount of air
wlth reduced pressure taken into the duct would be correspondingly less.
Since the ramp boundary layer is thinner gt the forwsrd position, the
interaction between this boundary layer and the shock wave would be less
severe.

Boundary—layer control by slots or porous suction might aiso mini-—
mize the boundary—lsyer—shock-wave Iinteraction.

CONCLUDING REMARKS

A qualitative comparison of_ two types of submerged inlets at sub—
sonic and transonic Mach numbers has shown that the pressure recovery
for the parallel-wslled inlet decreased sbruptly at Mach numbers between
0.75 and 0.82, depending on the mass—flow ratio. The corresponding Mach
nunmber range for the divergent-walled inlet was 0.90 to 0.94.

The Increase in Mach number for satisfactory pressure recovery with
the divergent-walled inlet is attributed to a less severe interaction
between the shock waves and the ramp boundsry layer. The thinner bound-
ary layer of the three—dimensional flow on the divergent-walled inlet
apparently has less tendency to separate under adverse pressure gradlentis
than has the thicker boundsry layer in the two-~dimensional flow of &
parallel-walled inlet.

Ames Aeronasuticel Leborsastory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif.
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Figure 1l.— General view of the 2.1— by 7.h—inch wind tunnel.
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(a) Parellel-walled inlet.

Figure 2.— Wind—tunnel test section with inlets inetalled.
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(b) Divergent-walled inlet.
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Lip coordinates

B
Ramp Ramp &
-sta. O ste. 650 §
Lip sta. Ordinate Lip sta. Ordinate
x~(in) y=th) x-(in) | __y—(in) &
Oulside) Inside Outside Inside |
P ‘""””::;”’” 0 82 | 482 | o075 | .063| .358 |

) P 0.05 | 430 | .ear| 100 | .065| .385

t\ o010 | .14 | 258\ 150 | 079 .939

: 0/5 | q02 | .273| 200 | .104 | .504

0.20 092 | .284 2.50 128 | .578
Divergent-wailed 0.30 078 | .3oo| 350 A77 | 717

| ramp 0.40 070 | 314 4.50 226 .856

0.50 065 | 326 5.50 274 | .994

1\ 0.60 | .062| .340

Lip referance line

Divergent—wall coordinales

Ramp sta.| Ordinate | Ramp sta.| Ordinate
x=fin) | y—{in) x~(n) | y—tin)

Section along ¢
12.25R 0 840 362 565
0.74 840 4.20 408
» 1.32 830 | 477 250
7° All dimensions in 1nches 1.90 809 | 5.34 091
_ 2.47 726 | 5.76 D06
3.05 645 | 6.50 )

Figure 3.— General arrangement and dimensions of the submerged-iype inlers. W =
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Figure 10.— Shadowgraphs of the air flow along the ramp of the parsellel-walled
inlet.
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Figt;reni i:l.— Shedowgraphe of the alr flow along the ramp of the divergent-walled
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Pigure 1l.- Copcluded.
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